The structure of peucedanin, isolated from Peucedanum tauricum Bieb. (Apiaceae), has been established using single crystal X-ray diffraction. This furanocoumarin isolated from the light petroleum extract of P. tauricum fruits was characterized by high resolution EI-MS, sATR-FTIR and 2D NMR spectroscopic techniques. The EI-MS showed the typical fragmentation pattern of methoxyfuranocoumarins. Extensive 1D ( 1 H and 13 C) as well as 2D NMR data enabled complete assignment of the carbon atoms in the peucedanin molecule. The FTIR data confirms intermolecular hydrogen bonding between peucedanin molecules in polar solvents. Peucedanin crystallises in the R-3 space group from the trigonal system with one molecule in the asymmetric part of the unit cell. The crystal lattice of peucedanin consists of the molecules arranged in separate columns. They are related by two fold screw axes and centres of symmetry. Interestingly, peucedanin columns form two channels per unit cell with a diameter of 7.5Å going through the crystal lattice in the Z-direction. These channels are filled with disordered water molecules, which are surrounded by hydrophobic methyl groups and are located exactly at the centres of the channels. The peucedanin molecules are stacked in a single column with the opposite orientation of the neighbouring molecules. These results could be interesting in further application of this molecule, for example in biological tests of its activity.
Furocoumarins are benzopyrone derivatives with several pharmacological activities and thus have significant importance in phytotherapy [1] . Peucedanin (Figure 1 ) is a linear furanocoumarin of a rare structural type with a restricted occurrence in the genera Peucedanum, Prangos, Heracleum and Archangelica. The presence of this furocoumarin could be considered as chemotaxonomically significant in all these Apiaceae genera [2] [3] [4] . Peucedanin was previously found to be cytotoxic to Ehrlich's tumor cells and human carcinoma cell line HepG2 [5] , and to have Ca 2+ channel blocking activity [6] . In our previous study, peucedanin showed its therapeutic potential in experiments using HeLa cells [7] presenting induction of early stages of apoptosis in tests with Annexine V, and also increased levels of anti-apoptotic heat shock proteins (Hsp) Hsp 27 and Hsp 72, which may be important from the potential anticancer properties of this furanocoumarin [7, 8] . Peucedanin was first isolated from roots of Peucedanum tauricum Bieb. by Baranauskeite et al. [9] .
The fruits of P. tauricum are also a good source of peucedanin. Analysis of peucedanin has been achieved by HPLC/DAD [10] and EI-MS [11] . Although the structure of this compound was elucidated by comparison with literature 1 H NMR [12, 13] and 13 C NMR [7, 14] spectroscopic data, extensive 2D NMR study and also the three dimensional crystallographic structure of this furanocoumarin has not been established yet. Only one single crystal X-ray structure of a peucedanin derivative (oxypeucedanin hydrate i.e., 5-(2,3-dihydroxy-3-methylbutoxy)-7H-furo[3,2g]chromen-7-one; CCDC entry number 637283) has been published so far [15] .
In our study, we confirm by single crystal X-ray diffraction technique the structure of peucedanin, partly predicted by results of previous spectroscopic methods i.e., two dimensional NMR ( 1 H-1 H COSY, HMQC and HMBC), and ATR-FTIR. We also present all structural details, including weak molecular interactions.
In our study the structure of pure solid crystalline peucedanin was characterized by UV and IR spectra. It also appeared that the electronic absorption spectra of peucedanin in methanol and CCl 4 solutions are available in the literature [16] . The absorption maxima are typical for a furanocoumarin [17, 18] . The ATR-FTIR spectrum of peucedanin exhibits bands at 1729 cm -1 (coumarin carbonyl), 1139 cm -1 (C-O stretching), 1366 cm -1 (α,  -unsaturated lactone), 1632, 1576 and 1465 cm -1 (skeletal vibrations of aromatic rings, C=C), and 896, 874, and 823 cm -1 (furan ring) [19, 20] . A broad absorption band centered at 3454 cm −1 , visible in the spectrum recorded in methanol, was assigned to the OH stretching vibrations. Interestingly, this spectral band does not appear in CCl 4 solution. Based on this result, peucedanin would form an intermolecular hydrogen bond between molecules in a polar solvent. At the same time, the bands in the range from 2800 to 3070 cm -1 attributed to the CH 3 and CH vibrations of the aromatic ring of the molecule in CCl 4 distinctly gain in intensity. It can be noticed that the sharp band centered at 2970 cm -1 (peucedanin in methanol) is shifted to lower frequencies in the case of solution in CCl 4 .
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In the 1 H NMR spectrum of peucedanin, the bands are consistent with those indicated in the literature [12, 13] . 2D NMR techniques such as 1 H-1 H-COSY, HMQC and HMBC were used to prove the suggested structure and enabled a correct identification of the signals in the 13 C NMR spectrum.
In the peucedanin molecular structure the furanocoumarin core is typical for compounds of this type [15, 21] . The methoxy group is not in the plane with the molecule. The crystal lattice of this compound consists of the peucedanin molecules arranged in separate columns around ca. spherical voids (see Figure 2a ). The voids are probably filled in with disordered water molecules which seem to form a one dimensional continuous water distribution along the channel axis. Unfortunately, it was impossible to solve the disorder in positions of water molecules in channels in detail, thus the SQUEEZE program was utilized, which takes the effect of solvent moieties into account. The peucedanin columns are arranged in such a manner that they form three channels per unit cell with diameters of 7.5 Å going through the crystal lattice in the Z-direction (Figure 2b ). The channels inside are hydrophobic due to the presence of the methyl groups. According to the SQUEEZE program, the volume of each channel equals ca. 190Å 3 , which for three channels is 570Å 3 . This accounts for ca. 10% of the unit cell volume. In order to better visualise the channels, the crystal voids were generated in the CrystalExplorer [22] program at 0.005 au isovalue (see Figures 2b and 2c ).
The peucedanin molecules in a single column have a sandwich-like packing with the opposite orientation of the neighbouring moieties, as is the common case for molecules carrying a non-zero dipole moment. They form dimers connected by weak C-H...O hydrogen bonds with a D…A distance of ca. 3.4Å. Dimers in stacks are interacting via interactions between aromatic parts of peucedanin with an inter-planar distance of ~3.2 Å (see Figure 3 and Table 1 ).
The neighboring dimers are shifted along the shorter axis in such a manner that the C4 atom is located over the C7' carbon atom, and C6 over C6', where symbol ' denotes a given atom from the neighboring molecule. The shortest intermolecular distance between the atoms belonging to different neighbouring molecules is 2.235Å (H10B… H11C`). The oxygen O1 atom from the pyran ring is hydrogen bonded to the H1B' hydrogen from the methoxy group (2.64 Å), as shown in Figure 4 . The oxygen atom O2 from the carbonyl group forms three bonds: to H10C' from the methyl group, to H14' from the pyran ring and to H1A from the methoxy group. Additionally, the oxygen O21 forms a hydrogen bond to the H5' hydrogen. Details of all hydrogen bonds and other close and closest contacts present in this crystal structure are summarized in Table 2 . It is worth stressing that structures which form channels stabilized only by weak hydrogen bonds are very rare. The structure of the analyzed compound is mainly stabilized by hydrogen bonds and interactions.
In conclusion, we have isolated peucedanin from Peucedanum tauricum. The molecular structure of the compound was investigated by high resolution EI-MS, sATR-FTIR and NMR spectroscopy, and confirmed by single crystal X-ray diffraction.
The FTIR data confirm that peucedanin forms an intermolecular hydrogen bond between molecules in polar solvents. Peucedanin, from methanol, crystallizes in the R-3 space group from the trigonal a b 
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Natural Product Communications Vol. 9 (1) 2014 73 system and the molecules are stacked in columns. The columns form two channels in the c direction in the crystal lattice (with the diameter of voids of 7.5 Å). These channels are filled probably with disordered water molecules, which are surrounded by hydrophobic methyl groups from peucedanin. A semi-crystalline sediment of coumarins was washed with cold n-hexane, re-crystallized, and after dissolving in dichloromethane (CH 2 Cl 2 ), subjected to pLC using a gradient of ethyl acetate (EtOAc) in CH 2 Cl 2 (0-20 %, v/v). Collected fractions 1-4 (50 mL of each) afforded semi-crystalline compounds for further isolation by 4 steps of pTLC. In the first step, plates were developed twice with cyclohexane-EtOAc, 80+20 (v/v) -after the first development, plates were dried for 1 min in ambient temperature, and next re-chromatographed in the same solvent system. The second step separation was made using CH 2 Cl 2 -EtOAc, 99+1 (v/v). The third and final steps were as follows; in nheptane -CH 2 Cl 2 -EtOAc, 4+4+1 (v/v) and in CH 2 Cl 2 -EtOAc, 9+1 (v/v), respectively. In each case, the separated bands (detection in UV light, λ=366 nm, dark yellow fluorescence) were scraped from the plates and extracted with methanol -acetone, 1+1 (v/v) and, after filtration (PTFE teflon filters 0,45 μm), evaporated to dryness under reduced pressure.
Experimental
Peucedanin 
RP-HPLC/DAD: Analytical RP-HPLC/DAD was performed on a
Hypersil ODS C18 column (250 x 4.6 mm ID, d p 5 µm), with use of two solvent systems (either a gradient of methanol or a gradient of acetonitrile in water, respectively), as described previously [7, 23] . Purity of the isolated compound, assayed by HPLC, was > 99%.
ATR-FTIR:
The crystalline peucedanin was dissolved in methanol and CCl 4 and then centrifuged for 15 min at 15000×g in order to remove micro crystals of the compound remaining in the sample. Electronic absorption spectra were recorded with a Varian 670-IR spectrophotometer. The attenuated total reflection (ATR) configuration was used with 10 internal reflections of the ATR Ge crystal plate (45° cut). Typically, 25 scans were collected, Fouriertransformed and averaged for each measurement. Absorption spectra at a resolution of one data point per 1 cm −1 were obtained in the region between 4000 and 600 cm −1 . The instrument was continuously purged with N 2 for 40 min. before and during measurements. The Ge crystal plate was cleaned with ultrapure organic solvents from Sigma-Aldrich. The spectral analysis was performed with Grams/AI software from ThermoGalactic Industries (USA).
EI-MS and NMR:
EI-MS (70 eV) were measured on a Finnigan MAT-95 mass spectrometer (Finnigan MAT GmbH, Bremen, Germany). Careful m/z measurement was established with a peak matching method (n=20) using PFK (perfluorokerosene) as internal standard. NMR spectra were recorded on a Bruker AM-300 spectrometer (at 300 MHz for 1 H and 75 MHz for 13 C NMR), in CD 3 OD.
X-ray diffraction:
Peucedanin, re-crystallised from methanol, yielded yellow single crystals suitable for X-ray data collection. Data collection for single crystals of peucedanin was carried out on a Bruker AXS KAPPA APEX II ULTRA diffractometer controlled by APEXII software, equipped with a MoKα rotating anode X-ray source (λ = 0.71073 A, 50.0 kV, 22.0 mA) monochromatized by multi-layer optics and an APEX-II CCD detector. The experiments were carried out at 100K using the Oxford Cryostream cooling device. The data were collected using the omega scan with an angular scan width of 0.5 o . The exposure time was 20 sec per frame. The data were corrected for the Lorentz and polarization effects. Indexing, integration and scaling were performed with the original Bruker Apex II software [24, 25] . Multi-scan absorption correction was applied using SADABS [26] .
